Plasma membrane and underlying actin network are connected to a functional unit that by non-linear interactions is capable of forming patterns. For instance, in cell motility and chemotaxis, cells polarize to form a protruding front and a retracting tail. Here we address dynamic patterns that are formed on a planar substrate surface and are therefore easily accessible to optical recording. In these patterns two distinct areas of the membrane and actin cortex are interconverted at the site of circular actin waves. The inner territory circumscribed by a wave is distinguished from the external area by a high PIP3 content and high Ras activity. In contrast, the external area is occupied with the PIP3-degrading phosphatase PTEN. In the underlying cortex, these areas differ in the proteins associated with the actin network. Actin waves can be formed at zones of increasing as well as decreasing Ras activity. Both types of waves are headed by myosin IB. When waves collide, they usually extinguish each other, and their decay is accompanied by the accumulation of coronin. No membrane patterns have been observed after efficient depolymerization of actin, suggesting that residual actin filaments are necessary for the pattern generating system to work. Where appropriate, we relate the experimental data obtained with Dictyostelium to human normal and malignant cell behavior, in particular to the role of Ras-GAP as an enhancer of macropinocytosis, to mutations in the tumor suppressor PTEN, to frustrated phagocytosis, and to the role of coronin in immune cells and neurons. 
INTRODUCTION
The subject of this report is the formation of spatial and temporal patterns by the interaction of the plasma membrane with the underlying actin network in eukaryotic cells. Pattern forming activities are required for a diversity of processes including cell motility, cytokinesis, and uptake of particles or fluid by phagocytosis or macropinocytosis. The pattern can form autonomously or is directed by external stimuli. For instance, a motile cell forms autonomously a leading edge and a retracting tail, but where the front is made can be defined by a gradient of chemoattractant provided that receptors on the cell surface recognize the attractant and are coupled by signal transduction pathways to the actin system.
Here we will specify dynamic differentiation of the plasma membrane into microscale territories, focusing on actin wave patterns formed autonomously on the sub-strate-attached membrane of Dictyostelium cells. In these patterns, a circular actin wave separates two distinct areas of the membrane and actin cortex from each other. In the membrane, a PIP3-rich inner territory is distinguished from a PIP3-depleted external area ( Figure 1 ). In the actin cortex, the inner territory is enriched in the Arp2/3 complex that in migrating cells is involved in protrusion of the front region. In the external area, filamentous myosin II and the anti-parallel actin-filament bundling protein cortexillin are accumulated [1] , two proteins that typically localize to the cell's tail [2] [3] [4] . Analysis of the actin architecture by cryo-electron tomography revealed that the actin waves are characterized by upright filaments branched by the Arp2/3 complex. The data imply that the wave propagates by de novo nucleation rather than the elongation of pre-existing filaments [5] .
The wave patterns studied can be viewed as planar projections of phagocytic or macropinocytic cups. With phagocytic cups they have in common their formation on a solid substrate surface. In the case of the waves a planar substrate replaces the curved surface of a particle to be taken up. Thus wave formation may be considered as an act of frustrated phagocytosis, an attempt to ingest a particle that is much too large for the phagocyte to engulf [6] . This relates wave formation to the behavior of cells in the immune system. Frustrated phagocytosis is observed when macrophages or granulocytes are exposed to an opsonized surface, such as a planar glass surface coated with antibody or lectin [7, 8] , or when macrophages attempt to engulf hyphae of Candida that are too long to be taken up [9] . With macropinocytic cups the wave patterns have in common their autonomous formation. Their shape is not dictated by the shape of the surface to which the cell adheres; the planar surface does not provide any spatial cues on which the wave patterns could be shaped. Importantly, actin wave formation is enhanced by the same mutation as macropinocytosis, causing the inactivation of a Ras-GAP, the neurofibromin ortholog of Dictyostelium [10] . Human neurofibromin regulates neural differentiation and acts as a tumor suppressor. In patients with deficient neurofibromin activity, p21Ras is constitutively active and initiates the tumorigenesis of neurofibromas (reviewed in [11] ).
Dictyostelium discoideum is a eukaryotic microorganism capable of surviving under the variable conditions of forest soil. Its peculiarity is the transition from a single-cell to a multicellular stage. Dictyostelium cells are professional phagocytes of about the size of a neutrophil. Upon starvation, the cells aggregate by chemotaxis up a cyclic-AMP gradient ultimately forming dormant spores at the head of a fruiting body. Phagocytosis of bacteria and chemotactic movement are primarily based on the actin system in the cell cortex that acts in concert with signal recognition and transduction systems at the plasma membrane. However, regulatory systems, including phosphoninositides in the plasma membrane, small GTPases, and actin-associated proteins are required also in the absence of external stimuli to control localized activities in normal cell motility, such as protrusions formed at the front of the cell and retraction at the tail. . In these cells, local increase of PIP3 (green) together with clustering of actin (red) initiates a propagating actin wave that surrounds an expanding PIP3-rich territory (bottom row). Beyond a critical size of about 5 µm radius, the inner territory becomes unstable and is converted into external area. The circular symmetry breaks down such that the inner territory assumes a crescent-like shape. This structure then propagates with a leading segment of an actin wave ahead and a trailing segment behind. Modified from [53] .
Because the molecular setups for basic cellular functions such as motility and endocytosis are largely conserved, Dictyostelium has proved to be suitable as a genetically tractable model organism to elucidate the molecular basis of chemotaxis [12, 13] , phagocytosis [14] , and macropinocytosis [15, 16] in view of corresponding human diseases [17] . For example, Dictyostelium contains homologs of 11 of the 13 human genes associated with neurodegeneration causing Batten disease, a group of neuronal ceroid lipofuscinoses (NCLs) [18] . These storage disorders are due to lysosomal dysfunction. The Dictyostelium homologs of human genes for NCL proteins encode, among others, six homologs of a lysosomal serine protease (TPP1), which limits autophagy [18, 19] , and two of the Dictyostelium homologs have been shown to bind to the Golgi pH regulator [20] . et al. [40] is an actin-binding protein involved in cell motility, cytokinesis, and phagocytosis [41, 42] ; it was coined with reference to its prominent localization to crown-shaped endocytic cups. The coronin is a WD40-repeat protein, forming a 7-bladed β-propeller as an actin interacting domain [43] . In Dictyostelium, coronin acts together with actin-interacting protein 1 (Aip1) in depolymerizing actin filaments [44] . In Saccharomyces cerevisiae, coronin indirectly regulates the depolymerization of actin: it binds preferentially to ATP-actin and thus prevents early severing of the filaments by cofilin [45] .
The Dictyostelium coronin turned out to be the prototype of a family of proteins that in human cells is represented by seven paralogs [46] . Mammalian coronin 1 functions in the immune system by controlling T cell homeostasis, and in macrophages it is hijacked by Mycobacterium tuberculosis to enable survival of the pathogenic bacteria in phagosomes [47] . Coronin 1 depletion in mice results in tolerance of allografts but maintains immune responses to microbial pathogens [48] ; with comments in [49] . In the peripheral nervous system, coronin 1 plays a role in nerve-growth-factor signaling by preventing the signaling endosome from lysosomal fusion [50] , a function similar to the role the coronin plays in phagocytosis.
RESULTS

Relation of PIP3 to Activated Ras
Pattern formation on the substrate-attached plasma membrane is primarily based on the activation of Ras and the synthesis of PIP3, two events that are coupled to each other and result in signal transduction to the actin system. To quantify the temporal relationship of these events, PI(3,4,5)P3 (and PI(3,4)P2) were labeled with GFP-PHcrac, and activated Ras with mRFP-RBD. Recording the fluorescence intensities at a single point on the substrate-attached cell membrane showed that both labels increased in parallel (Figure 2a ). The two labels indicated, however, one difference in the temporal pattern of activated Ras and PIP3: the decline began first in Ras, uncoupled from PIP3, which reached its peak later. In the phase diagram of one cycle shown in Figure 2b , the green labeled dots correspond to the parallel increase of Ras activation and PIP3, and the red labeled ones to the delayed decrease of PIP3. There are two phases in the decline of Ras activity and, even more prominently, in PIP3. The cluster of violet dots in the phase diagram reflects the phase of slow decline, which is followed by the rapid fall of both Ras activity and PIP3.
Alternation of PTEN Binding and Ras Activation
PIP3 is degraded by the PI3-phosphatase PTEN, which requires membrane binding to become activated For optical recording by confocal or TIRF microscopy, the wave patterns have the advantage of being formed on a planar substrate surface. Questions to be addressed are: what are the molecular players in the autonomous formation of wave patterns and what are the regulatory circuits that are responsible for spatial membrane differentiation? For a comprehensive view of the interactions between membrane and actin cortex, we outline here the relation of membrane-bound active Ras, phosphatidyl-inositol-(3,4,5)-trisphosphate (PIP3), the PIP3-degrading PI3-phosphatase PTEN, the single-headed motor protein myosin IB, and the actin-filament destabilizing protein coronin in actin-wave patterns that are generated on the substrate-attached plasma membrane of Dictyostelium cells.
The proteins and the phosphatidylinositide studied here as constituents of the wave pattern have human counterparts of medical relevance, as illustrated by the following spotlights. Members of the Ras family of small GTPases act as molecular switches [21] that may become oncogens when mutated to constitutively active forms; mutations in the human genes for KRas, HRas, or NRas are frequently linked to lung, gastrointestinal, and pancreatic cancer [22] . The Ras-binding domain (RBD) of a human effector, Raf1, recognizes the activated, GTPbound, and membrane-associated state of Dictyostelium RasG [23] .
PIP3 is a signal transducer to the actin cytoskeleton that in Dictyostelium as well as in human cells has been implicated in chemotaxis [24, 25] and phagocytosis [26, 27] . PIP3 is synthesized from PI(4,5)P2 by class I PI3-kinases. Activating mutations in these lipid kinases contribute to tumor progression through multiple effector pathways [28] , one of them linked to the metastasis-promoting activity of invadopodia [29] .
Human PTEN is a dual lipid and protein phosphatase known as a tumor suppressor [30, 31] and a metabolic regulator [32] . Most cancer-associated PTEN mutations are associated with the catalytic residues, others with membrane-binding sites or with decreased stability of the protein [33] .
Dictyostelium as well as human cells contain a heterogeneous group of unconventional myosins that differ from conventional myosins by their inability to form bipolar filaments [34] and fulfil a variety of functions in muscle and non-muscle cells [35, 36] . Myosin IB is one of seven members of the myosin I sub-family in Dictyostelium [37] , and partially overlaps in function with myosins IC and ID [38] . A short sequence of basic and hydrophobic amino acids in the tail region mediates binding of myosin IB to acidic phospholipids in the membrane [39] . The localization of myosin IB in actin waves corresponds to its position at the border of phagocytic cups [26] .
Coronin discovered in Dictyostelium by de Hostos data are in accord with a report by Fukushima et al. [52] . They are consistent with a role of activated Ras in removing PTEN from the membrane, and with a Ras cycle that is independent of PTEN fluctuations.
Leading and Trailing Waves are Formed at Positive and Negative Ras Gradients
Actin waves propagate at the border of the territory rich in PIP3 and activated Ras. When the territory expands, the actin waves are formed during the increase of PIP3 as well as activated Ras, suggesting a coupling of [51] . As shown in Figure 3a and Supplemental Video 1, peaks of PTEN occupancy alternate with peaks of Ras activation on the membrane. The precise relationship of PTEN binding to the activation of Ras is displayed in the phase diagram of one cycle in Figure 3b . Characteristics of the phase relationship are the beginning of Ras activation during the continued increase of PTEN binding (red labeled dots in the phase diagram), the gradual disappearance of PTEN during further increase of Ras activation (blue), the subsequent decline of activated Ras in the absence of PTEN (yellow), and the increase of PTEN binding in the absence of activated Ras (green). These The white dot in the image series indicates the point of recording fluorescence intensities for the scans displayed beneath each series. a, a cell expressing mRFP-RBD as a label for activated Ras (red) and LimEΔ-GFP for filamentous actin (green). The cell recovered from treatment with 5 µM latrunculin A. In the scans of fluorescence intensities, high Ras activity characterizes the inner territory, peaks of the actin label represent the two actin waves. The first wave is formed during transition from external area to inner territory, the second wave during reversal of inner territory to external area. At the 32-s and 62-s frames of the image series, a first actin wave passes the point of recording fluorescence intensities, at the 92-s up to the 122-s frame inner territory occupies the point, a second actin wave passes at the 152-s frame, and finally external area occupies the point at the 182-s frame. Figure 4 a relates to Video 2. b and c, large cells produced by electric-pulse induced fusion that expressed mRFP-LimE∆ as a label for filamentous actin (red) and GFP-myosin IB (green). In (b) a leading wave where external area is converted into inner territory, is followed by a trailing wave where the opposite conversion occurs. In (c) a wave reverts the direction of propagation; first acting as a trailing wave and subsequently, after the reversal of direction, as a leading wave. Time in the images is given in seconds consistent with the corresponding scans beneath each image series. Bars, 10 µm.
wave reversal: a trailing wave turning into a leading one. In both cases, myosin IB is recruited to the leading as well as the trailing wave.
Actin Waves Linked to Ras Activation in the Absence of PTEN
The question of whether actin waves are formed at the border of a territory occupied by activated Ras or whether they require the border of a PIP3-decorated territory was addressed using PTEN-null cells, in which PIP3 no longer forms waves [52] . The PTEN-null cells formed wave-like circular assemblies of filamentous actin without differentiation of the substrate-attached membrane into a PIP3-rich inner territory and a PIP3-depleted external area. The entire substrate-attached cell surface was decorated with PIP3, and if there was a heterogeneity, the PIP3 label was slightly weaker beneath the actin assemblies (Figure 5a ). In contrast to PIP3, Ras was activated in discrete territories, and these territories turned out to be the sites of actin polymerization (Figure 5b) . As a caveat we wish to add that the waves did not propagate normally in the absence of PTEN, which argues for a contribution of PIP3 to the dynamics of the wave pattern.
Sub-threshold Fluctuations in the Actin System and the Initiation of Propagating Waves
Actin wave formation is not only regulated by sigone or both of these membrane-bound signaling factors to the actin polymerizing machinery. However, there is no monotonic dependence of actin polymerization on these factors in the membrane: at the back of the wave, actin polymerization is down regulated in the presence of high PIP3 and activated Ras.
Since the inner territory has a limited lifetime, it is eventually converted into external area [53] . During this conversion the inner territory shrinks and a trailing wave follows its border (Figure 1 ). This trailing wave is formed in a zone where PIP3 and activated Ras are decaying rather than increasing (Figure 4a and Supplemental Video 2). The question is then how actin polymerization and depolymerization are regulated during the conversion from inner territory to external area, such that a trailing wave is formed.
As one piece of evidence that the organization of trailing waves is comparable to that of leading waves, we determined the localization of myosin IB, a single-headed motor protein that co-localizes with sites of actin polymerization in waves [2, 39, 54] . To measure fluorescence intensities of GFP-myosin IB together with mRFPLimE∆ as a reference for filamentous actin, we have chosen points which were traversed in succession by a leading and a trailing wave. Figure 4b shows the common case of a trailing wave following a leading one at a distance determined by the lifetime of the inner territory (see scheme in Figure 1 ). Figure 4c shows an example of 
Coronin is Associated with the Extinction of Colliding Waves
The recruitment of coronin to decaying actin structures is most evident during the collision of two waves. Colliding actin waves usually extinguish each other; only occasionally one wave continues to propagate while the other one is extinguished [53] . The mutual extinction of two colliding actin waves is accompanied by a peak of coronin recruitment (Figure 8a , c, and Supplemental Video 5). The time of this peak coincides with a phase of rapid actin disassembly (Figure 8b) , and with the decline of myosin IB recruitment (Figure 8d ). nals that stimulate actin polymerization but also by factors that turn it down. One of these factors is coronin [2] . Coronin localizes to various sites of actin disassembly in Dictyostelium cells [55] [56] [57] [58] and is, together with actin interacting protein 1 (Aip1), part of the disassembly machinery [44] . Accordingly, coronin localizes to sites of actin disassembly at the roof and the back of a wave [2] .
Previous work on the wave-forming network as an excitable system has focused on phosphoinositide regulation, showing that locally PTEN declines and PIP3 rises, and that a propagating wave is initiated only if this change in the membrane exceeds a threshold [59] . The data presented in Figure 6 extend these studies to sub-threshold events on the level of the actin cytoskeleton, which fail to result in the initiation of a propagating wave. These local increases of actin polymerization at the substrate-attached membrane are accompanied by the accumulation of myosin IB, and they disassemble while coronin becomes dominant (Figure 6a , frames 24, 56, Figure 6b , frames 70, 78, and Figure 6c , frames 62, 68) (see also Supplemental Video 3).
Only if actin polymerization momentarily escapes the down-regulation, the actin assembly crosses the threshold and a propagating wave is initiated. By expanding, the circular wave leaves behind the inner territory rich in PIP3 and activated Ras. In the propagating waves, actin filaments persisting under these conditions, even though the cells were rounded up and showed pearling as a result of insufficient stabilization of the membrane by the underlying actin network [61] . These data show that Ras activation is independent of a functional actin cytoskeleton [52] , but they do not provide proof that it is independent of any filamentous actin.
At an extremely high latrunculin A concentration of 30 µM, the results depended on details of the incubation, since Ras and PTEN patterns became strongly light sensitive. At reduced illumination, activated Ras still formed mobile patches at the membrane. Since latrunculin A sequesters profilin-actin complexes, the possibility remains that a profilin-independent backup mechanism of actin polymerization, for instance a formin-dependent one, is responsible for persistence of the membrane patterns. To exclude this possibility, we applied 10 µM latrunculin A
Are the Membrane Patterns Dependent on Filamentous Actin?
Actin wave formation linked to membrane patterns is facilitated by pre-treatment with latrunculin A, an inhibitor of actin polymerization. During the recovery phase after washout of the inhibitor, the cells profusely form waves [60] . We wish to point out, however, that this pre-treatment is not essential; in particular, large cells produced by electric-pulse induced fusion consistently generate waves without having been exposed to latrunculin A [53] .
The question of whether polymerized actin is required for the membrane patterns to be formed can be addressed by efficient depolymerization. In cells incubated with 5 µM latrunculin A, membrane patterns persisted ( Figure  3) . However, inspection of electron-tomograms revealed metastasizing cancer cells into the spaces between tissue cells [63, 64] .
The three-dimensional environment through which the cells have to maneuver raises the question as to how attachment to the various surfaces is coordinated. To address this question, Dictyostelium cells were confined between two parallel surfaces using the actin waves as markers for engagement of the cells with a substrate surface [65] . Under these conditions, the cells had the choice of either to form waves simultaneously on the two competing surfaces or to alternate between them. In fact, the cells switched periodically from one surface to the other, thus exerting force at regular intervals into opposite directions.
Molecular Basis of Wave Patterns
The actin-wave forming cells provide a possibility of studying by optical techniques the dynamics of largescale patterns that are generated spontaneously at the interface of the plasma membrane and the underlying actin network. Both PIP3 and activated Ras have a limited lifetime in these patterns, which implies that persistence together with 10 µM cytochalasin A, which blocks the elongation of actin filaments by binding to their plus-end. This combined blocking activity abolished the RBD and PTEN patterns, consistent with their requirement for a minimum of polymerized actin.
DISCUSSION
Activities Associated with Actin Waves
Dictyostelium cells have to migrate in their natural environment of irregular geometry to find their path between soil particles. The actin wave patterns studied are formed in contact with a substrate surface, and can be used to explore the response of cells to a 3-dimensional environment. Upon exposure to a perforated substrate surface, cells apply force to try and protrude into the holes of the substrate specifically at the sites of the waves and the inner territory that they encircle [62] . Accordingly, the waves can be considered as structures analogous to invadopodia of mammalian cells that explore gaps in the substrate to penetrate into. Invadopodia equipped with metalloprotease are responsible for the penetration of The actin waves encircle a territory that is rich in PIP3, whereas the external area is decorated with the PIP3-degrading phosphatase PTEN. Previous work has shown that PIP3 declines before the increase of PTEN-binding to the membrane [59] . Knoch et al. [68] have modeled this relationship based on the assumption that PTEN switches between states of high and low activity. An alternative would be the presence of a second PI3-phosphatase [69] .
We emphasize the interplay of positive and negative controls of actin polymerization in wave initiation and propagation and that coronin plays a role in the latter. As a negative regulator, coronin is recruited to sub-threshold assemblies of actin that fail to initiate a wave (Figure 6b) , and is a hallmark of wave extinction at sites where two waves collide (Figure 8a , b, frames 46, 50, and Figure 8c , d, frames 38, 42) .
Efficient inhibition of actin polymerization by a combination of latrunculin and cytochalasin prevented the formation of Ras and PTEN patterns at the membrane. Requirement of an actin network for the generation of the membrane patterns is supported by the sensitivity of wave formation to the formin inhibitor SMIFH2. This inhibitor has been shown to abolish force generation by actin waves [62] ; at a concentration as low as 1 µM it reversibly inhibits actin wave formation and PIP3 accumulation at the membrane (unpublished results). These data are in accordance with previous findings indicating that the activation and localization of PI3-kinase to the membrane depends on polymerized actin [66, 70] .
In Figure 9 , data from different sources are compiled to illustrate cross-talk between membrane and actin corof the "excited state" of the inner territory is restricted (Figure 1 ). We show that in the actin waves, PIP3 and activated Ras rise in parallel, but that Ras activity begins to decline before PIP3 stops rising (Figure 2) . Therefore, it appears unlikely that in the control circuit responsible for pattern formation, PIP3 sets the signal for the maintenance of Ras activity. This result is in accordance with data indicating that Ras is upstream of PI3-kinase [66] . The premature decline of Ras activity is also consistent with the inhibition of Ras by PI(3,4)P2, a degradation product of PIP3 [67] .
Remarkably, both the rise and the fall of PIP3 and Ras activity is accompanied by an actin wave. At the leading wave, external area is converted into the PIP3-rich inner territory, while at the trailing wave propagating in the same direction, inner territory is converted into external area. This scenario implies that in the leading waves actin preferentially polymerizes in a zone of low Ras activity and depolymerizes at high Ras activity, whereas in the trailing waves the opposite is the case. In Figure 4b we show that myosin IB is recruited not only to leading waves, as reported previously, but also to the trailing waves. With its tail, this single-headed motor protein joins the actin network to the membrane [39] . Based on its motor activity, myosin IB might facilitate the incorporation of actin subunits into growing actin filaments at their membrane-apposed plus-end [2] . We are left with the question: what are the signals that determine the assembly of actin and myosin IB not only at sites where PIP3 is synthesized and Ras activation is increasing, but also where PIP3 is degraded and Ras becomes inactivated? Figure 9 . Diagram of control circuits relevant to pattern generation in membrane and actin cortex. Ras switches from a GDP-bound inactive to a GTP-bound activated state at the membrane. Two other components involved shuttle between a cytoplasmic and a membrane bound state: Three PI3 kinases of D.discoideum have a Ras-binding site (RBD) to interact with membrane-bound activated Ras [80] . The PTEN of D.discoideum harbors two membranebinding sites, one of them specific for its product PIP2, the other negatively regulated by phosphorylation. On the right, mutual inhibition of PI(3,4)P2 and Ras is diagramed, involving Ras-GAP and a Dictyostelium ortholog of the human PI5-phosphatase OCRL (Lowe oculocerebrorenal syndrome protein). Compiled from Li et al. [67] , Sasaki et al. [70] , Vazquez et al. [71] , and van Haastert et al. [81] .
a PCO sCMOS 5.5 camera or alternatively an Olympus IX 71 microscope equipped with an 150x UApo NA 1.45 TIRF objective and an Andor iXon 897 Ultra EM-CCD camera at 21 ±2°C were used.
Images were analyzed using the image processing package Fiji (http://Fiji.sc/Fiji) developed by Schindelin et al. [79] on the basis of ImageJ (http://imagej.nih.gov/ ij). Data of line scans and point scans were imported into an excel sheet and processed further. The circle surrounds a cluster of actin assembly that is followed by coronin accumulation. The cell surface is populated by numerous clathrin-coated pits that are being internalized [58] . Exposure time is 100 ms for the red channel, and 300 ms for the green channel. Frameto-frame interval is 2 s. Bar, 10 µm. tex in pattern generation. Taken together, the data reveal that membrane and actin cortex are linked to each other by several feedback circuits. A positive feedback involving Ras and PI3-kinase is antagonized by a positive feedback of PTEN recruitment to the membrane, which results in degradation of PIP3. PTEN binds to PI(4,5)P2, the product of its own activity, and the membrane-binding is required to activate PTEN [51, 71] . A third regulatory feedback system results in mutual inhibition of PI(3,4)P2 and Ras [67] . In this system, a PI5-phosphatase converts PIP3 to PI(3,4)P2, which binds Ras-GAP and thereby recruits this Ras inactivator to the membrane. The results presented in this paper document the phase relationships of components in the coupled feedback circuits and emphasize the fact that actin waves are linked not only to the rise of Ras activity and PIP3, but also to their fall.
SUPPLEMENTARY MATERIAL
Supplementary
MATERIALS AND METHODS
Cell Culture and Sample Preparation for Light Microscopy
Cells of D. discoideum strain AX2-214 expressed mRFP-LimEΔ or LimE∆-GFP [72, 73] as an actin probe together with either an mRFP-Raf1-RBD construct, the minimal Ras-binding domain (RBD) of human Raf proto-oncogene serine/threonine-protein kinase (Raf-1) [74] , superfolding-GFP-PHcrac [75] as a label for PIP3, coronin-GFP, mRFP-coronin [42] , or GFP-myosin IB [39] . Expression of PTEN-GFP [76] , a label for PI3-phosphatase was combined with mRFP-Raf1-RBD, and GFP-myosin IB with mRFP-coronin. PTEN-null cells [77, 78] were transfected with mRFP-LimEΔ together with superfolding-GFP-PHcrac or GFP-Raf1-RBD.
The cells were cultivated in Petri dishes with nutrient medium containing 10 µg/ml of blasticidin (Invitrogen, Life Technologies, Grand Island, NY, USA) and 10 µg/ml of G418 (Sigma-Aldrich, St. Louis, Missouri, USA). They were harvested from the Petri dishes and washed twice in 17 mM K/Na-phosphate buffer pH 6.0 (PB). An aliquot was pipetted in a HCl-cleaned cover-glass bottom dish (FluoroDish, WPI INC., Sarasota, FL, USA) with PB for TIRF imaging. Waves were initiated either by adding 5 µM Latrunculin A (Invitrogen, Thermo Fisher Scientific, Waltham, MA, USA) and (except for Figure 3 ) exchanging it for PB after 15 min, or they were spontaneously formed in large cells produced by electric-pulse induced fusion [53] .
Image Acquisition and Data Analysis
For dual-color TIRF imaging of the substrate-attached membrane region, a GE DeltaVision Elite system based on an OLYMPUS IX-71 inverted microscope, with an OLYMPUS TIRF 100X/1.49 UAPON objective and
